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In Brief
Variability is ubiquitous but is not just
noise; rather, it may enhance motor
behavior. Cullins et al. show that motor
patterns for feeding in the marine mollusk
Aplysia are less individualized when
sensory feedback is present. By
increasing each animal’s pattern
variability, sensory feedback provides all
animals access to a common solution
space.
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Behavioral variability is ubiquitous [1–6], yet vari-
ability is more than just noise. Indeed, humans
exploit their individual motor variability to improve
tracing and reaching tasks [7]. What controls motor
variability? Increasing the variability of sensory input,
or applying force perturbations during a task, in-
creases task variability [8, 9]. Sensory feedback
may also increase task-irrelevant variability [9, 10].
In contrast, sensory feedback during locust flight or
to multiple cortical areas just prior to task perfor-
mance decreases variability during task-relevant
motor behavior [11, 12]. Thus, how sensory feedback
affects both task-relevant and task-irrelevant motor
outputs must be understood. Furthermore, since
motor control is studied in populations, the effects
of sensory feedback on variability must also be un-
derstood within and across subjects. For example,
during locomotion, each step may vary within and
across individuals, evenwhen behavior is normalized
by step cycle duration [13]. Our previous work de-
monstrated that motor components that matter for
effective behavior show less individuality [14]. Is
sensory feedback the mechanism for reducing in-
dividuality? We analyzed durations and relative tim-
ings of motor pools within swallowingmotor patterns
in the presence and absence of sensory feedback
and related these motor program components to
behavior. Here, at the level of identified motor neu-
rons, we show that sensory feedback to motor pro-
gram components highly correlated with behavioral
efficacy reduces variability across subjects but—
surprisingly—increases variability within subjects.
By controlling intrinsic, individual differences in
motor neuronal activity, sensory feedback provides
each subject access to a common solution space.
RESULTS AND DISCUSSION
Howmight sensory feedback shape motor output? Two sources
of variability in a population—within-animal variability andacross-2672 Current Biology 25, 2672–2676, October 19, 2015 ª2015 Elsevianimal variability—maybedifferentially regulated to change over-
all variability, generating fourmajor alternatives (Figure1). Animals
may converge on a single solution (Figure 1, lower-left quadrant)
due to reductions in variability both within and across animals.
Second, animals may gain access to a common solution space
(Figure 1, lower-right quadrant) by reducing variability across
animals but increasing variability within animals. Third, each ani-
mal may gain access to a unique solution (Figure 1, upper-left
quadrant) by reducing variability within animals, but increasing
variability across animals. Finally, animals may gain access to
a unique solution space (Figure 1, upper-right quadrant) by
increasing variability both within and across animals. The other
schematics show changes in only across-animal variability (Fig-
ure 1, upper- and lower-middle schematics) or within-animal vari-
ability (Figure 1, middle left and right schematics). What are the
actual effects of sensory feedback on variability?
To determine how sensory feedback shapes a single motor
output, we focused on the power stroke of swallowing in the ma-
rine mollusk Aplysia californica: the activity of the motor neurons
(B8a/B8b; [15]) that keep the grasper closed as it draws seaweed
into the buccal cavity during swallowing. We measured the dura-
tion of grasper motor neuron activation, normalized by swallow
duration. For seven intact, behaving animals, box-and-whisker
plots of the normalized durations of motor neuronal activity
showed similar median values across animals and similar
amounts of variability within each animal (i.e., similar box sizes;
Figure 2A). In contrast, when all sensory feedback was removed,
and motor programs were induced in seven different pairs of
ganglia containing the neural circuitry for feeding behavior (the ce-
rebral and buccal ganglia [17]; the long-lasting cholinergic agonist
carbachol was applied to the cerebral ganglion to induce feeding
motor programs [16]), box-and-whisker plots of the normalized
durations showed greater variation across animals (i.e., very
different median values) and great differences in the variability
withineachanimal (Figure2B).Surprisingly,manyof thewithin-an-
imal variationswere smaller than those observed in vivo (compare
animals 8, 9, 10, and14 inFigure 2Bwith animals 1–6 in Figure 2A).
Although a few animals showed large variability in vitro (e.g., ani-
mals 11 and 13), black box-and-whisker plots of the pooled dura-
tions show that overall variability is lower in vivo than in vitro.
How can within-animal and across-animal variability be quan-
tified? We measured variability within each animal using the in-
terquartile range (IQR; difference in third and first quartiles). We
summarized within-animal variability for a group of animals using
the median value of the IQRs (see Figure S1). In Figures 2A and
2B, the medians of the IQRs are 18.1% (feedback present) ander Ltd All rights reserved
Figure 1. How Sensory Feedback Could
Affect Motor Variability
Center square shows a schematic of variability
across and within animals in the absence of
sensory feedback. Surrounding squares show
possible effects of sensory feedback. Within-ani-
mal variability may decrease (left) or increase
(right) for most animals; similarly, across-animal
variability may decrease (bottom) or increase (top)
for most animals. Within each square, box-and-
whisker plots for data from three subjects are
shown. Bottom and top whiskers correspond to
the smallest and largest values, respectively; bot-
tom and top of box correspond to the first and third
quartile, respectively; the line within each box is
the median value.9.2% (feedback absent), so the net change in within-animal vari-
ability is 18.1%  9.2% = 8.9% (i.e., within-animal variability in-
creases when sensory feedback is present). We summarized
across-animal variability using the IQR of the medians of all an-
imals in the group (see Figure S1). In Figures 2A and 2B, the
IQRs of the medians are 3.8% (feedback present) and 17.6%
(feedback absent), respectively, so the net change in across-an-
imal variability is 3.8%  17.6% = 13.8% (i.e., across-animal
variability decreases when sensory feedback is present). Thus,
the change in within-animal and across-animal variability is
(+8.9%, 13.8%); this point, representing the data in Figure 2,
is highlighted by a small square in Figure 3A.
Although these measures quantify changes in components of
variability, they do not quantify how different animals are from
each other, i.e., the individuality within a group of animals. A sta-
tistic can be derived from the Mann-Whitney test that summa-
rizes variability within and across animals, defining individuality.
By comparing ranks to determine whether one animal tends to
produce longer normalized motor neuronal durations than a sec-
ond animal, the Mann-Whitney test can distinguish two animals
from one another; the test generates a U statistic. The effect
size, that is, how different (how individual) two animals are from
one another, can then be obtained by normalizing the U statistic
by the product of the number of responses in each animal. The
normalized U statistic is mathematically equivalent to computing
the area under the curve (AUC) of a receiver operating character-
istic (ROC) curve [18]. To determine the overall individuality, one
averages normalized U statistics from each pairwise comparisonCurrent Biology 25, 2672–2676, October 19, 2015 ªof the animals [19]. The resulting statistic
will be referred to as the average AUC.
It ranges from 0.5, indicating that ani-
mals cannot be distinguished from one
another, to 1.0, indicating that animals
are completely distinct from one another
(Figures S2A1–S2B2). In general, high
within-animal variability will make animals
harder to distinguish as individuals even if
there is across-animal variability and will
lower the average AUC.
Normalized durations in vivo are signif-
icantly less individual than those re-
corded in the isolated ganglia (averageAUC in vivo = 0.610, Figure 2A; average AUC in isolated ganglia =
0.731, Figure 2B; p < 0.00002, bootstrapping, two-tailed test).
The results are consistent with the hypothesis that sensory
feedback reduces individuality by decreasing variability across
animals, but—unexpectedly—sensory feedback increases vari-
ability within animals, so that all animals gain access to a com-
mon solution space (Figure 1, lower-right quadrant).
To control for the possibility that pharmacological effects
of carbachol were responsible for the greater individuality
observed in isolated ganglia motor patterns, we analyzed motor
patterns in a preparation in which carbachol induced motor pat-
terns but sensory feedback was intact: the suspended buccal
mass (SBM) [20]. The SBM performs swallowing movements
when fed seaweed strips identical to those used in vivo. Individ-
uality in normalized durations of motor neuronal activity was not
significantly different from in vivo but was significantly different
from the isolated ganglia (average AUC in the SBM = 0.670;
not significantly different from in vivo, p = 0.13, bootstrapping,
two-tailed test; significantly less individual than the isolated
ganglia, p = 0.019, bootstrapping, two-tailed test; see Fig-
ure S2C). Thus, motor patterns induced in vitro using carbachol
in the presence of sensory feedback are not statistically different
in individuality from those observed in vivo, so the changes
observed in the isolated ganglia are not due to the pharmacolog-
ical effects of carbachol but to the absence of sensory feedback.
How does sensory feedback affect all motor program compo-
nents for swallowing? We measured the activities of most iden-
tifiedmotor neurons recruited during swallowing inAplysia. From2015 Elsevier Ltd All rights reserved 2673
A B Figure 2. Effect of Sensory Feedback on a
Behaviorally Relevant Motor Neuron
On average, variability across animals decreases
but within animals increases in the presence of
sensory feedback for a behaviorally relevant motor
neuron.
(A) Box-and-whisker plots for the normalized
duration of grasper motor neuron (B8a/B8b) ac-
tivity recorded in seven different intact, behaving
animals during multiple swallows induced by
seaweed strips (n = 7, 10, 23, 5, 18, 9, and 7
swallows, respectively).
(B) Box-and-whisker plots for the normalized
grasper motor neuron duration recorded in seven cerebral and buccal ganglia, in which motor programs were induced by application of the long-lasting
cholinergic agonist carbachol to the cerebral ganglion [16] (n = 9, 7, 10, 18, 23, 7, and 5 ingestive motor patterns, respectively). The variability within several
isolated ganglia without sensory feedback (animals 8, 9, 10, and 14) is lower than that observed in intact animals. In some isolated ganglia, within-animal variability
increases (animals 11 and 13).
The black box-and-whisker plots to the right of (A) and (B) combine the data from animals in each group; the overall variability is clearly lower in vivo than in vitro.
Meanings of box components and whiskers are given in the legend for Figure 1.extracellular recordings, we determined durations and overlaps
of motor pool activity for each swallow, normalized by dividing
by behavior duration; we refer to these as ‘‘motor program com-
ponents’’ (a total of 45, corresponding to the points in Figure 3;
see Figure S3A and Supplemental Information). If sensory input
guides subjects to a precise response, most motor program
components should show reduced within-animal variability (Fig-
ure 1, left). Rather surprisingly, we found that almost all motor
program components showed increases in within-animal vari-
ability (Figure 3A, whose axes are analogous to those of Figure 1;
note that points fall largely to the right; p = 2.83 108, Wilcoxon
signed-rank two-tailed test). Collectively, the motor program
components showed no net change in across-animal variability
(p = 0.24, Wilcoxon signed-rank two-tailed test).
Does sensory feedback differentially affect motor program
components that are more important for effective behavior? To
determine eachmotor neuron’s behavioral impact, we quantified
the correlations between measures of swallowing efficacy and
eachmotor program component using Spearman’s rank correla-
tion coefficient, r. Because both inward and outward movement
of seaweed must be regulated for successful swallowing, these
movements were measured, and the higher correlation of either
movement with a motor program component was chosen (the
significance of each correlation was not tested and therefore
did not need to be corrected for multiple comparisons). Correla-
tions of motor program components with net inward movement
(inward minus outward movement) yielded similar results. When
themotor program components are sorted by behavioral impact,
measures strongly correlated with behavioral efficacy (jrjR 0.3)
showed a significant decrease in across-animal variability in the
presence of sensory feedback (Figure 3A; note that the bright
green points are mostly below the central horizontal axis; p =
0.013, Wilcoxon signed-rank two-tailed test). In contrast, mea-
sures weakly correlated with behavioral efficacy (jrj < 0.3)
showed a significant increase in across-animal variability (Fig-
ure 3A; note that the dark points are mostly above the central
horizontal axis; p = 0.0007, Wilcoxon signed-rank two-tailed
test). Thus, motor program components with high behavioral
impact showed both an increase in within-animal variability
and a decrease in across-animal variability, suggesting that
these motor components were brought into a common solution2674 Current Biology 25, 2672–2676, October 19, 2015 ª2015 Elsevispace (Figures 1 and 3A, lower-right quadrants). The results
shown for a single motor program component (Figure 2) are
therefore typical of how sensory feedback shapes variability in
motor program components that have high behavioral impact.
Analysis of all motor program components demonstrated that
changes in within- and across-animal variability due to sensory
feedback were correlated (Figure 3A; Spearman’s r = 0.600,
p = 0.00001). This correlation suggested that use of the individ-
uality statistic (average AUC) to capture both aspects of vari-
ability would provide greater insight into the role of sensory
feedback.
Sensory feedback acts to reduce individuality in those motor
program components with high behavioral impact. Figure 3B
plots, for eachmotor program component, the change in individ-
uality resulting from the addition of sensory feedback versus the
behavioral impact of that motor program component. For
example, the change in individuality for normalized grasper mo-
tor neuron duration from in vitro (Figure 2B, AUC = 0.731) to
in vivo (Figure 2A, AUC = 0.610) is 0.610  0.731 = 0.121.
The behavioral impact for thismeasurewas jrj = 0.39. The result-
ing point, (0.121, 0.39), is highlighted in Figure 3B by a small
square. Motor program components that havemoderate to large
behavioral impact (jrjR 0.3) always show decreases in individ-
uality when sensory feedback is present (Figure 3B; Spearman’s
r = 0.588, p = 0.00002). Similar results were obtained when
motor program components in the control (SBM) were com-
pared with the isolated ganglia (Figure S3B), suggesting that
these effects are attributable to sensory feedback rather than
the use of carbachol to induce patterns in vitro. Furthermore,
comparisons of changes in individuality and behavioral impact
from the motor program components in the control to in vivo
were not significant (Spearman’s r = 0.263, p = 0.08). These re-
sults demonstrate that sensory feedback reduces differences
among subjects in motor program components that have high
behavioral impact and that it does so by increasing within-animal
variability and decreasing across-animal variability.
Rather surprisingly, this study demonstrates that sensory
feedback can act to increase one form of variability (within-ani-
mal variability) to minimize differences intrinsic to each nervous
system, thus giving all animals access to a common solution
space, and that this form of sensory shaping is primarilyer Ltd All rights reserved
A B
Figure 3. Sensory Feedback Selectively Decreases Individuality
In the presence of sensory feedback, behavioral impact is associated with decreased across-animal variability and increased within-animal variability and thus
decreased individuality.
(A) Sensory feedback in vivo can induce decreases in across-animal variability and increases in within-animal variability. Plot axes are analogous to those of
Figure 1. Each point represents the change in within-animal and across-animal variability in a single motor program component (Figure S3A). The change in
variability of the data in Figure 2 is highlighted by a small square in Figure 3A (see text for details). Eachmotor program component was evaluated for its behavioral
impact (see text). Points are colored from black (low behavioral impact) to green (high behavioral impact; scale between panels A and B). Changes in within- and
across-animal variability are strongly correlated.
(B) Components with high behavioral impact always showdecreases in individuality (average AUC)when sensory feedback is present. In contrast, motor program
components with low behavioral impact show both increases and decreases in individuality when sensory feedback is present. Data from Figure 2 are highlighted
by a small square in Figure 3B (see text for details).addressed to those motor program components with greatest
behavioral impact. Among other causes, within-animal variability
may be due to changes in sensory input, the animal’s internal
state (e.g., food arousal), and the actual effectiveness of its
behavior in consuming seaweed. Thus, the study demonstrates
the importance of determining how sensory feedback affects
both within-animal and across-animal variability rather than sim-
ply measuring the variability of a population. It also strongly sup-
ports prior work that demonstrates that one must determine the
biomechanical context and the task relevance of motor program
components to understand how sensory feedback is addressed
to each one [10, 21, 22].
The frameworkwe have presented (Figure 1) is of general inter-
est because sensory feedback may shape motor variability in
different ways depending on biomechanical, task, and environ-
mental constraints. If amotor behavior has only one ‘‘correct’’ so-
lution, sensory feedback may enforce convergence on a single
solution (Figure 1, lower-left quadrant) [23]. If subjects can
specialize successfully using different very precise solutions,
then sensory feedbackmay help them generate unique solutions
(Figure 1, upper-left quadrant) [24]. Increases in variability both
within and across animals may also be important (Figure 1, up-
per-right quadrant); indeed, increases in both kinds of variability
were found in many of the motor program components that had
the lowest correlation with behavioral efficacy (Figure 3A). How
could increasing variability in these motor program componentsCurrent Biology 25, 2672–2be useful? Reduction of variability for motor program compo-
nents strongly related to behavioral expression may take advan-
tageof increases in variability of components of themotor system
that are not task related [9]. Furthermore, the sum of two or more
components may be tightly regulated, even if the individual com-
ponents showconsiderable apparent variability [10].Moregener-
ally, multiple combinations of degrees of freedom that can
generate essentially identical outputs (the ‘‘uncontrolled mani-
fold’’ [25]) may show high variability in components but show
low variability after the components are appropriately combined
based on an animal’s neural or biomechanical structure [25, 26].
That animals may need to work within a common solution
space is consistent with a recent shift in thinking about motor
systems. For some time, it was assumed that motor systems
compute globally optimal solutions to obtain highly precise tra-
jectories to targets [27]. A radical shift has occurred in thinking
about motor systems. Studies of motor control have begun to
focus on the vital importance of variability for solving motor
problems. Having a myriad of readily accessible ‘‘good enough’’
solutions may be preferable to computing a global optimum,
especially in complex, changing environments [27–30].
These studies can clarify the cellular and synaptic mecha-
nisms by which sensory feedback shapes motor variability.
For example, after determining that deafferentation increased
elevator phase variability in locust flight, Wolf and Pearson
were able to find the key synaptic input to crucial elevator676, October 19, 2015 ª2015 Elsevier Ltd All rights reserved 2675
interneurons [31, 32]. More generally, focusing on the specific
motor program components whose variability is shaped by sen-
sory feedback and how that variability is shaped can guide
cellular studies in many other systems.
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